The performance of nanoscale magnetic devices is often limited by the presence of thermal fluctuations, while in micro-nanofluidic applications the same fluctuations may be used to spread reactants or drugs. Here we demonstrate the controlled motion and the enhancement of diffusion of magnetic nanoparticles that are manipulated and driven across a series of Bloch walls within an epitaxially grown ferrite garnet film.
The ratchet effect emerged in the past as a powerful way to transport matter at the micro and nanoscale, taking advantage of Brownian motion. 1, 2 The success of such concept comes from the possibility of using thermal fluctuations to obtain useful work out of a thermodynamic system, although such fluctuations produce noise, heat and randomize the motion of nanoparticles which limits the efficiency of any device operating at such scale. [3] [4] [5] Reducing or controlling thermal fluctuations in nanoparticle systems may present different technological advantages apart from providing important fundamental insight into the dynamics and interactions of matter at such scale. In the first case, diffusion can be used as a mean for mixing streams of fluids or for spreading reactants, drugs and biological species 6, 7 in microand nano-fluidic applications. [8] [9] [10] On a more fundamental level, the search for strategies that enable controlling diffusion and noise has fascinated scientists for long time, since the pioneering seminar of Richard Feynman on Brownian ratchet.
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In a typical ratchet system the random fluctuations of nanoparticles can be rectified into a directed motion by an external potential. In overdamped systems, different ratchet mechanisms can be sorted in two general classes, depending on the nature of the external potential. 2 One class refers to the tilting ratchets that are typically specified by a stationary, spatially asymmetric potential landscape often accompanied by an external force. The asymmetry of the landscape is able to rectify thermal fluctuations into net motion, and the force, which determines the tilt of the total potential, can be used to further enhance the particle current. Such a ratchet scheme can be realized by using, for example, the walls or barriers in a microfluidic device. 12 Another broad class are the pulsating ratchets that are characterized by a time-dependent landscape, in which the net particle flux arises from the periodic or random evolution of the landscape. Their particular subclasses are the flashing ratchet with the landscape switching between two states, and the traveling wave ratchet, where the landscape translates at a given speed. The latter allows dragging the particles that are trapped in the energy minima of the moving landscape.
The generation of translating potential landscapes usually requires an external field, which makes it appealing due to its programmable nature, that enables to remotely control, direct and reverse the flux of particles at will. and ultracold atoms. 39 Here we use such magnetic walls to achieve the controlled transport and, in particular, the diffusion enhancement of magnetic nanoparticles. The application of an external rotating magnetic field induces the unidirectional translation of the otherwise stationary magnetic landscape generated by the FGF. Due to the magnetic interaction with the nanoparticles, the translation of the landscape is converted into directed particle motion.
This technique allows to rapidly traps and steers magnetic nanoparticles deposited on top of it thus, with in situ real time control. Moreover, our magnetic ratchet allows us to precisely control also the diffusivity of the nanoparticles, to enhance, to suppress it, by simply changing the driving frequency of the applied field.
Our magnetic ratchet scheme is shown in Figure 1 (a) and it is based on a series of Bloch walls (BWs), narrow (∼ 20 nm wide) transition regions where the film magnetization changes orientation by performing a 180 degrees rotation in the particle plane (x, y). Such
BWs emerge spontaneously in a single crystal FGF film after an epitaxial growth process In absence of external field, the BWs in the FGF are equally spaced at a distance λ/2 being λ = 2.6 µm the spatial periodicity, and separates domains of opposite magnetization, with
Above this film we demonstrate the controlled transport of three three types of paramagnetic polystyrene nanoparticles with diameters d = 540 nm, 360 nm and 270 nm, characterized by a ∼ 40% wt. iron oxide content (Microparticles GmbH). When placed above the FGF, the nanoparticles show simple diffusive dynamics and are able to easily pass the BWs due to the presence of a 1 µm thick polymer coating that prevents sticking to the FGF surface, see the Materials and Methods section. We apply an external magnetic field rotating in the (x, z) plane with frequency f and amplitudes Figure 1 (a). The polarization of the applied field is slightly elliptical, H x = H z , as characterized by the amplitude H 0 = (H 2 x + H 2 z )/2 and an ellipticity parameter β = (
The value of β = −1/3 is chosen to minimize dipolar interactions between nearest particles, 40 as they can promote the undesired chaining at high density. 41 Although for self-consistency we account for this small ellipticity in a full numerical model, a more tractable semi-analytical model for the special case of β = 0 is shown to work quantitatively well.
The applied field modulates the stray magnetic field generated by the FGF, leading to a spatially periodic magnetic energy landscape U m (x, t) = −U 0 cos(k(x − v 0 t)) that translates at a constant speed, v 0 = λf , Figure 1 (a), see Materials and Methods section for further details and definition of U 0 and k. Its evolution at the elevation corresponding to the 270 nm particles is shown in Figure 1 (b). One may intuitively expect that the particles would follow the energy minima whose locations are given by the blue regions, and travel the distance of one wavelength during one time period. However, the nature of motion and the velocity of mean drift across the BWs, Figure 1 (c). We also note that at any 0 < f < f c in this "locked" regime, the particle lags behind the minimum of the potential energy landscape U m , whose relative position is determined by minimizing the potential given by Equation 5. For f > f c , the particle is unable to move together with the landscape. It starts to slip and cannot remain localized within the same minimum. In this "sliding" regime, every time period the particle covers a distance smaller than λ, resulting in a reduction of the mean speed. At high frequencies f , the speed of mean drift decays as v λf 2 c /(2f ). Note that at low and high frequencies, thus far away from f c , the predictions of the model with thermal fluctuations and the experimental data are highly consistent with the deterministic (zero temperature) results given by Equation (4). However, the deterministic model overshot the experimental data close to f c . Therefore, we conclude that thermal fluctuations start to significantly affect the particle speed close to the critical frequency, blurring the sharp transition from the locked to the sliding dynamics and effectively decreasing the value of f c as compared to the relative to the deterministic model.
While our domain wall magnetic ratchet enables full control over the mean speed of particle moving across BWs, the instant position of the particles is affected by unavoidable thermal fluctuations, as evidenced by the particle trajectory in Figure 1 (d). The role of such fluctuations is typically quantified by measuring the mean squared displacement (MSD), which can be calculated from the positions of the nanoparticles. Since we are interested in the general effect of how the diffusive properties of a nanoparticle are influenced by the ratchet mechanism, we focus on investigating these quantities along the propulsion direction, namely the x axis. Because of the non vanishing mean drift, we define the MSD as the variance of the corresponding particle position, σ 2 x (t) = δx 2 (t) ∼ t α , where δx(t) = X(t) − X(t) .
For our statistical analysis we averaged over more than ∼ 50 independent experimentally measured trajectories, for each of which we subtracted its mean drift, X(t) = v t. The exponent of the power law α can be used to distinguish the diffusive α = 1 from anomalous (sub-diffusive α < 1 or super-diffusive α > 1) dynamics. Our case corresponds to normal diffusion, with an effective diffusion coefficient across the BWs evaluated as
In Figure 2 we show that effectively, the magnetic ratchet provides a strong enhancement of the diffusion coefficient at an optimal frequency. At low frequencies, the diffusive motion . At low frequencies (f f c ), the tilt is negligible and the particle is strongly trapped in a minimum of the magnetic landscape, as shown in Figure 3 (d). Since in this case the potential barrier is maximum, ∆V /k B T ≈ ∆υ m , and is too high for the particle to escape, the effective diffusivity is nearly vanishing, D eff D 0 . At intermediate frequencies,
as f tends to f c but remains smaller than f c , the potential barrier decreases with f and disappears at f = f c . In this frequency range, the barriers become progressively more accessible for the Brownian particle, explaining the observed significant enhancement of the effective diffusivity at frequencies f ≈ f c , see Figure 3 (e). Beyond f = f c , there exits no minima in the potential, and at high frequencies f f c , the particle does not feel the landscape, as shown in Figure 3 (f). As a result, the diffusive motion occurs effectively at a constant force While we have analyzed the transport of single particles, our magnetic ratchet enables also the collective motion for an ensemble of nanoparticles. We demonstrate this feature in Figure 4(a) , where a dense suspension of 270 nm particles are trapped and transported across the FGF surface, see also corresponding VideoS2 in the Supporting Information. In the absence of applied field (ratchet off) the colloidal suspension shows simple diffusive dynamics as illustrated by the Gaussian distribution of the displacements perpendicular (along the x axis) and parallel (along the y axis) to the magnetic stripes, Figures 4(b,c) . Here we used
and X(t) = x(t) − x(0) defined as earlier and considered at a sufficiently large time. The distribution P (δy) is defined in a similar way, for which Y ≡ 0, implying no mean drift and free diffusion in the y direction. We note that when the ratchet is off, H 0 = 0, the magnetic landscape U m ∝ H 0 becomes effectively flat and does not affect the dynamics of the particle.
In this situation, the mean drift disappears, v = 0, and therefore X = v t = 0. As a result, when the ratchet is off, both distributions (greens lines in Figures 4(b,c) ) are identical, with σ 2 x = σ 2 y and thus featuring an isotropic free diffusion dynamics. Upon application of the rotating field, H 0 > 0, the particles are immediately localized along the BWs, forming parallel chains and being consecutively transported across the magnetic platform. The ratchet transport features a similar dispersion along the perpendicular direction as in the free case, as shown by the blue line in Figure 4(b) . Along the transport directions we observe a stronger confinement with a narrower distribution of displacement P (δx), where the mean drift is subtracted by putting X(t) = v t. VideoS2 in the supporting information shows the versatility of our magnetic ratchet approach, as now the nanoparticles can be easily trapped or released and transported to the right or left by just inverting the chirality of the rotating field, H x → −H x , which keeps H 0 and β unchanged.
While these features have been previously reported for micro-scale systems, 23, 24, 29, 30 our experimental realization proves its potential for further miniaturization of the transported elements and opens the doors towards applications in magnetic drug delivery systems using the higher surface to volume ratio of nanoparticles.
To conclude, we have reported the controlled transport and diffusion enhancement of nanoparticles in a magnetic ratchet generated at the surface of a ferrite garnet film. In contrast to previous experimental works on microscopic particles confined in a rotating optical ring, 42,43 above patterned plasmonic 21 or lithographic 44 landscapes, our nanoparticles are trapped and controlled on an extended surface in absence of any topographic relief that can perturb the transport via steric interactions. The advantage of using the garnet film as a source of magnetic background potential is that the domain wall motion is essentially free from intermittent behavior and hysteresis. This makes the cyclic displacements and the device performance fully reversible. We have also reported in the past the giant diffusion in a magnetic ratchet of microscopic colloids. 45 However, the significant advantage of the present implementation is that the particle fluctuations can also be controlled along the direction of motion and remain completely independent of the deformation of the BWs in the lateral directions. This crucial difference has important implications for the design of channel-free nanofluidic devices where the colloidal motion can be confined to a straight line. Further, our work goes beyond a previous one, 33 centered on trapping fluctuating nanoparticles along the BWs in an FGF. Here, we not only demonstrate the possibility to transport nanoscale objects at a well defined speed, but also that our magnetic ratchet system can be used to tune the diffusive properties of the particles, increasing their effective diffusion constant by almost an order of magnitude with respect to the previous case. Another future avenue of this work is to investigate the dynamics of dense suspensions of interacting nanoparticles, and how collective effects alters the average particle flow. Increasing their density, however, requires a visualization procedure different from fluorescent labeling, to avoid artifacts during the tracking mechanism. While with relatively larger particles, the average speed of a colloidal monolayer was found to decrease with respect to the individual case, 46 the presence of stronger thermal fluctuations for smaller particles may cause different non-trivial effects on the overall system dynamics. Finally, our controlled enhanced diffusion in a transported ratchet may be used as a pilot system for fundamental studies related to transport, diffusion and their complex relationship at the nanoscale.
Materials and Methods

Experimental System and Methods
We give further details on the sample preparation and experimental setup. In order to decrease the strong magnetic attraction, we coat the FGF film with a h = 1 µm thick layer of a photoresist (AZ-1512 Microchem, Newton, MA), i.e. a light curable polymer matrix, using spin coating at 3000 rpm for 30 s (Spinner Ws-650Sz, Laurell). Before the experiments, each type of particle is diluted in highly deionized water and deposited above the FGF, where they sediment due to the magnetic attraction to the BWs.
External magnetic fields were applied via custom-made Helmholtz coils connected to two independent power amplifiers (AMP-1800, Akiyama), which are controlled by a wave generator (TGA1244, TTi). Particle positions and dynamics are recorded using an upright optical microscope (Eclipse Ni, Nikon) equipped with a 100 × 1.3 NA oil immersion objective and a CCD camera (Basler Scout scA640-74fc, Basler) working at 75 frames per second. The resulting field of view is 65 × 48 µm 2 .
Videomicroscopy and particle tracking routines 47 are used to extract the particle positions 
Theoretical model
The motion of paramagnetic colloidal particles above the FGF can be well interpreted within a simple model. In an external magnetic field H, a spherical magnetically polarizable particle of volume V behaves as an induced magnetic dipole with the moment m = V χH and the energy of interaction U m = −µ 0 m · H/2, 48 where χ is the effective susceptibility and
is the magnetic permeability of free space. The total magnetic field above the FGF H is given by the superposition H ac + H sub of the external modulation of elliptic polarization,
, and the stray field of the garnet film H sub ≈ (4M s /π) exp(−kz)(cos kx, 0, − sin kx), 49 where M s is the saturation magnetization, ω = 2πf is the angular frequency, k = 2π/λ is the wave number, H 0 is the amplitude and β is the ellipticity of the modulation.
Being interested in the transport properties across the magnetic stripes and evaluating the magnetic force exerted on the particle,
2 /2, in the overdamped limit we obtain an equation of motion,
with F (x, t) = −ζλf c ( √ 1 + β cos ωt cos kx− √ 1 − β sin ωt sin kx) and a random variable ξ(t) taking account of thermal fluctuations. Here, f c = 8µ 0 χV M s H 0 exp(−kz)/(ζλ 2 ), and ξ(t)
obeys the properties ξ(t) = 0, ξ(t)ξ(t ) = 2D 0 δ(t − t ), where D 0 is the free diffusion coefficient, k B T is the thermal energy and ζ is the friction coefficient. By using f c and D 0 as fitting parameters, we numerically integrate Equation 3 and evaluate the velocity of mean drift v and effective diffusion D eff , which capture well the experimental data.
To gain further insights, we approximate the general model for an arbitrary β, Equation   3 , by a more tractable special case β = 0, which corresponds to a traveling wave potential,
In the reference frame co-moving with the speed v 0 = λf , in terms of a new variable u(t) = −x(t)+v 0 t we obtain,u(t) = λf −λf c sin ku+ξ(t).
Here, f c plays the role of the critical frequency that separates the low frequency domain with the maximum possible speed of mean drift, v = v 0 ∝ f (f < f c ), from the high frequency domain where its efficiency progressively drops down,
nanoparticles, thermal fluctuations are, however, inevitable, and we consider their thermal motion in the associated potential,
which admits evaluation of the velocity of mean drift and effective diffusion 50,51
Here, 
Supporting Information Available
The following files are available free of charge. Two experimental videos (.WMF) showing the dynamics of magnetic colloidal particles above the FGF film. 
